translated region with perfect or nearperfect complementarity, resulting in degradation or inhibition of the target messenger RNA, respectively. In humans, aberrant expression of miRNAs contributes to carcinogenesis by promoting the expression of protooncogenes or by inhibiting the expression of tumor suppressor genes. 4 Such "oncomirs" have been demonstrated in a variety of hematologic and solid malignancies. [5] [6] [7] In this report, we describe a series of experiments designed to identify the global pattern of miRNA expression in pancreatic adenocarcinoma to accomplish several goals. First, we sought to define miRNAs that can differentiate pancreatic cancer from benign pancreatic tissue. Since pancreatic cancer often occurs in a background of chronic pancreatitis, we also used chronic-pancreatitis specimens as a second control. Next, we hypothesized that a separate pattern of miRNA expression could distinguish patients more likely to achieve longterm survival from those with shorter survival. Finally, we hoped to identify miRNA(s) with expression predictive of survival.
METHODS

Tissue Samples
After exempt status for the study was granted by the institutional review board at the Ohio State University, specimens from 65 consecutive patients who had undergone resection for ductal adenocarcinoma of the pancreas and 42 with chronic pancreatitis from January 2000 through December 2005 were identified from the archival files of the Ohio State University Department of Pathology. All cases were reviewed by a pathologist (W.L.F.) and the diagnoses confirmed. Three 2-mm cores were obtained from the microdissected paraffin blocks for pancreatic cancer and matched benign adjacent pancreatic tissue or for chronic pancreatitis. Benign adjacent pancreas was available from all pancreatic cancer specimens.
miRNA Microarray
Tissue cores were deparaffinized with xylene at 50°C for 3 minutes. Total RNA extraction was undertaken using the RecoverAll kit (Ambion Inc, Austin, Tex) according to manufacturer's instructions. RNA labeling and hybridization on miRNA microarray chips were performed as previously described. 7 Briefly, 5 µg of total RNA from each sample was reverse transcribed using biotin endlabeled random-octamer oligonucleotide primer. Hybridization of biotinlabeled complementary DNA was performed on a new Ohio State University custom miRNA microarray chip (OSU_CCC version 3.0), which contains Ϸ1100 miRNA probes, including 326 human and 249 mouse miRNA genes, spotted in duplicates. The hybridized chips were washed and processed to detect biotin-containing transcripts by streptavidin-Alexa647 conjugate and scanned on an Axon 4000B microarray scanner (Axon Instruments, Sunnyvale, Calif).
Statistical and Bioinformatics Analysis
Microarray images were analyzed using GENEPIX PRO 6.0 (Axon Instruments). Average values of the replicate spots of each miRNA were background subtracted, normalized, and further analyzed. Normalization was performed using the per-chip median normalization method and the median array. 8 Finally, we selected the miRNAs measured as present in at least as many samples as the smallest class in the data set (25%). Absent calls were thresholded to 4.5 (log 2 scale) before statistical analysis, representing the average minimum intensity level detectable in the system. More than 95% of blank probes (ie, negative controls) fall below the threshold value of 4.5. miRNAs that are differentially expressed between pancreatic cancer and normal pancreas, pancreatic cancer and chronic pancreatitis, and chronic pancreatitis and normal pancreas were identified using the Significance Analysis of Microarrays (SAM) version 3.0 application with a threshold difference in expression set to 2, s0 percentile set to 0.05 (default), and the number of permutations set to 100 (default). 9 The SAM application calculates a score for each gene on the basis of the change of expression relative to the standard deviation of all measurements. Only mature miRNAs that are differentially expressed are reported. miRNA signatures were determined by the Prediction Analysis of Microarrays (PAM) version 2.1 application, which implements nearest shrunken centroids. 10 The prediction error was calculated by means of 10-fold cross-validation. For hierarchical analysis, we used average linkage clustering of the miRNAs identified by SAM and PAM between normal pancreas and pancreatic cancer (Cluster 3.0). Java Treeview 1.0 (Stanford University School of Medicine, Stanford, Calif) was used for tree visualization.
To perform survival analysis and generate Kaplan-Meier survival curves, miRNA levels measured on the miRNA chips were converted into discrete variables by splitting the samples into 2 classes (high and low expression), using the respective mean level of miRNA expression as threshold. Survival curves were compared by log-rank analysis. Significance was accepted with 95% confidence.
Quantitative Real-time Polymerase Chain Reaction
The single-tube TaqMan miRNA Assay (Applied Biosystems, Foster City, Calif) was used to detect and quantify mature miRNAs on Applied Biosystems real-time polymerase chain reaction (PCR) instruments in accordance with manufacturer's instructions. Normalization was performed with the small nuclear RNA U6 (RNU6B; Applied Biosystems). All real-time reactions, including no-template controls and real-time minus controls, were run in a GeneAmp PCR 9700 thermocycler (Applied Biosystems). Gene expression levels were quantified using the ABI Prism 7900HT Sequence Detection System (Applied Biosystems). Comparative real-time PCR was performed in triplicate, including notemplate controls. Relative expression was calculated using the comparative C t method.
Similarly, the TaqMan Gene Expression Assay was undertaken using primers and probes (predesigned, preoptimized) obtained from Applied Biosystems for KRAS expression determination. The assays used 150 ng of RNA per sample, and 18S was used to normalize all samples.
miRNA Northern Blots
For miRNA northern blots, 15 µg of total RNA were separated on 15% denaturing polyacrylamide gels, electrotransferred to GeneScreen Plus membranes (PerkinElmer, Waltham, Mass), and hybridized using UltraHyb-Oligo buffer (Ambion). Oligonucleotides complementary to mature miR-21 were endlabeled with T4 Kinase (Invitrogen Corp, Carlsbad, Calif) and used as probes. Hybridization was performed at 42°C overnight and the membrane washed twice in 0.1ϫ SSPE and 0.1% SDS at 42°C for 15 minutes each. Membranes were then exposed to a storage phosphor screen (GE Healthcare Bio-Sciences, Piscataway, NJ) for 8 hours and imaged using a Typhoon 9410 Variable Mode Imager (GE Healthcare Bio-Sciences). Saved images were cropped using Photoshop 6.0 (Adobe Systems Inc, San Jose, Calif).
Tissue Microarray
Our method for tissue microarray creation has been described. 11 Briefly, 2 tissue cores (2 mm diameter each) were punched out of each paraffin block used to obtain RNA for miRNA analysis and transferred to each of the recipient tissue microarray blocks using a precision instrument (Beecher Instruments, Silver Spring, Md). Paraffinembedded tissue was cut at 4 microns and placed on positively charged slides, then heated to 40°C for 30 minutes. After leveling paraffin and cores, the array was cooled to 4°C for 15 minutes.
Immunohistochemistry
Our methods for immunohistochemical analysis have been described. 11 Primary antibodies for TP53 (catalog #M7001, clone DO-7; Dako, Carpinteria, Calif), CDKN2 (catalog #CMC802, clone JC2; Cell Marque Corp, Rocklin, Calif), and SMAD4/DPC4 (catalog #sc-7966, clone B-8; Santa Cruz Biotechnology Inc, Santa Cruz, Calif) were used at dilutions of 1:50, 1:20, and 1:100, respectively. Slides were counterstained in Richard Allen hematoxylin, dehydrated through graded ethanol solutions, and coverslipped. The positive and negative controls stained appropriately.
Staining for TP53 was considered positive if nuclear staining in at least 5% of cells was seen. Nuclear and cytoplasmic staining in at least 5% of cells was considered positive for CDKN2 and less than 10% of nuclear and cytoplasmic staining of cells for SMAD4/DPC4 was considered loss of expression. All stains were read by a pathologist (W.L.F.) blinded to tumor stage and clinical characteristics.
RESULTS
Using miRNA microarray, 8 miRNAs were identified that were differentially expressed between pancreatic cancers and matched adjacent benign pancre- Comparison between chronic pancreatitis and normal pancreas identified 15 miRNAs with increased expression and 2 with decreased expression. This pattern of expression correctly differentiated chronic pancreatitis from normal pancreas in all samples. Finally, 95% of pancreatic cancer samples were classified correctly when compared with both chronic pancreatitis and normal pancreas together.
To confirm the microarray findings, quantitative real-time PCR was undertaken in 8 pancreatic cancer samples and 8 matched benign pancreatic tissue controls for miR-21, miR-221, miR-222, miR-181a, miR-181b, miR-181d, and miR-155. All of these miRNAs were overexpressed in tumor samples relative to benign pancreatic tissue (FIGURE 2). Northern blot analysis for miR-21 in 5 additional fresh pancreatic cancer samples also confirmed increased expression compared with 2 unmatched fresh benign-tissue controls (FIGURE 3) .
To determine the impact of miRNA expression on survival, we analyzed our microarray data using 2 methods. First, we wanted to determine if the absolute level of miRNA expression could discriminate between short-and longterm survivors with node-positive disease. Given that patients with pancreatic cancer metastatic to regional lymph nodes who are still alive 2 years after resection are often considered long-term survivors, we compared microarray data for node-positive patients having greater than 24-months' survival with data for those dying of disease within 24 months.
The SAM application identified 6 miRNAs that were differentially overexpressed in the patients with longer survival (TABLE 2) . Next, we wanted to determine the survival based on the relative expression of miRNAs. KaplanMeier survival curves were generated and compared by log-rank analysis using the binomial variable of high or low expression relative to the mean expression of each miRNA on the microarray. Based on this, 2 miRNAs of interest were identified: miR-196a-2 and miR-219. 
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Error bars indicate standard deviation.
MICRORNA EXPRESSION IN PANCREATIC CANCER
©2007 American Medical Association. All rights reserved. We next sought to correlate the expression of common genetic abnormalities seen in pancreatic cancer with survival and miRNA expression. Increased TP53 expression was seen in 31 (57%) of 54 tumors. Loss of CDKN2 expression was seen in 49 (88%) of 56 of tumors, while SMAD4/DPC4 expression was lost in 39 (70%) of 56. No correlation was found with survival or with any of the miRNAs listed in Table 2 , including miR-196a-2. In addition, KRAS mutation was identified in 8 (80%) of 10 tumors evaluated by gene expression analysis but did not correlate with miRNA expression.
COMMENT
Aberrant miRNA expression patterns have been described in a variety of hematologic and solid-organ malignancies. We have identified-we believe for the first time-a global expression pattern of miRNAs that can differentiate ductal adenocarcinomas of the pancreas from normal pancreas and chronic pancreatitis with 95% accuracy. We also have identified an miRNA, miR196a-2, that may significantly impact survival.
For this series of experiments we chose 2 controls for comparison: adjacent benign pancreatic tissue and chronic pancreatitis. Although our tumor samples were microdissected, contamination with surrounding inflammatory changes common in pancreatic cancers is inevitable. Still, only 7 miRNAs (miR-99, miR-100, miR- 100-1/2, miR-125a, miR-125b-1,  miR-199a-1, miR-199a-2 ) that were found to be overexpressed in cancers compared with normal pancreatic tissue were also overexpressed in chronic pancreatitis. While the overexpression of these miRNAs in cancers and chronic pancreatitis may suggest a common inciting event for neoplastic growth, the possibility of contamination cannot be excluded. With few exceptions, normal pancreas and chronic pancreatitis tended to cluster together while remaining largely separate from the pancreatic cancers. Interestingly, 1 group of 8 cancers did cluster with the benignpancreas samples. While this group of patients did not have a significant improvement in survival compared with the others, their nearly 2-year median survival is longer than that in most reports for pancreatic cancer. Noteworthy within this smaller group is the cluster of miRs 23, 103, and 107, which was lower in these 8 cancers than in the remaining cancers or the majority of benign-pancreas samples (data not shown). These miRNAs, among others, have recently been shown to be induced by hypoxia in cancer cells via a hypoxia-inducible factor-dependent mechanism. 12 In fact, the majority of the described hypoxia-related miRNAs are differentially overexpressed in the pancreatic cancers in our study. Given the association between hypoxia-inducible factor and the aggressiveness of pancreatic cancer, decreased expression of these hypoxia-related miRNAs may prove important for survival in a subset of patients.
Several miRNAs commonly associated with malignancy were identified as significantly dereglated in the pancreatic cancers in our study. Most notably, miR-21 and miR-155 were uniquely overexpressed in pancreatic cancer vs normal pancreas and chronic pancreatitis. MiR-21 has been 
miR-21
See "Methods"section for details. U6 indicates small nuclear RNA U6. suggested to play an important role in preventing apoptosis, thus functioning as a proto-oncogene, 13 and has been shown to be overexpressed in cancers of the lung, stomach, breast, colon, and prostate as well as being expressed in pancreatic neuroendocrine tumors. 4, 7 While the role of miR-21 in neoplasia has not been fully elucidated, its inhibition using miRNA-specific antisense oligonucleotides increases in vitro susceptibility of cholangiocarcinoma cells to gemcitabine.
14 MiR-155 is also overexpressed in solid tumors such as those of the colon, lung, and breast, 4,7 while being associated with the activated B-cell type of diffuse large B-cell lymphoma as well as Hodgkin and Burkitt lymphoma. 15, 16 It has also been shown to be involved in leukemogenesis in transgenic mice. 17 The most consistently highly expressed miRNA in the pancreatic cancers in our study was miR-221 when compared with normal pancreas and chronic pancreatitis. While this association has not been previously demonstrated in gastrointestinal tract tumors, miR-221 expression is important in thyroid cancer and is suggested to play a role in angiogenesis. 18, 19 Working together with miR-222, which was also found to be overexpressed in the pancreatic cancers we studied, miR-221 targets KIT, the receptor for stem cell factor.
Far fewer miRNAs were downregulated in pancreatic cancer. Notable of these was miR-375, which is found in abundance in pancreatic islets but not in the exocrine pancreas. 20 It stands to reason that this miRNA would be significantly underexpressed in our pancreatic cancers because they were all derived from the exocrine pancreas, resulting in obliteration of the intervening islets.
Our laboratory recently reported on the miRNA expression patterns of 40 pancreatic endocrine tumors and 4 acinar carcinomas compared with normal pancreas. 21 In that study, 87 miRNAs were differentially overexpressed in tumors and 8 were underexpressed relative to normal pancreas. This is markedly more than the 30 overexpressed miRNAs and 3 underexpressed miRNAs identified in our pancreatic adenocarcinomas of ductal origin. Given the difference in derivation of pancreatic endocrine tumors compared with ductal adenocarcinomas, this wide variety in miRNA expression is not unexpected. Similar findings have been reported using Affymetrix gene arrays. 22 Similar to our findings in ductal adenocarcinoma, miR-21 appears to be important in pancreatic endocrine tumors. In the endocrine tumors, however, miR-21 correlated with more aggressive tumors, as signified by an increased proliferation index by Ki67 and the presence of liver metastases. Similarly, miR-21 expression was significantly lower in the 8 cancers reported herein that clustered with the benign pancreas specimens, suggesting its role in tumor aggression. MiR-155, on the other hand, was underexpressed in pancreatic endocrine tumors relative to benign pancreatic tissue, whereas we found it to be overexpressed in ductal adenocarcinomas. Again, this discrepancy emphasizes the differences in cell origin between the 2 tumor types.
Given the dismal prognosis typically associated with pancreatic cancer, we sought to identify an miRNA expression profile that could discriminate between high-risk patients who could be considered long-term (ie, Ͼ24 months) and short-term survivors. A group of 6 miRNAs were identified (Table 2) . MiR-127 is interesting, since it is located within a CpG island on chromosome 14 and has been shown to be silenced in cancers of the prostate and colon. 23 In the pancreatic cancers in our study, miR-127 expression was increased in nearly half of the tumors, while it was decreased in the other half. Clearly, miR-127 expression alone does not significantly impact survival but, when taken into acount with the other miRNAs listed in Table 2 , may predict long-term survivors. Even less is known about expression of the other listed miRNAs in cancer, making speculation about their role in pancreatic cancer difficult at this time.
Only 1 miRNA was identified that significantly predicted duration of survival, miR-196a-2. This miRNA was not identified by SAM to discriminate between the qualitative distinction of long-and short-term survivors. This is not surprising, however, given the different statistical methods used to answer the 2 different questions. While a direct association with malignancy has not been described for miR-196, it does appear to perfectly interact with, and degrade, HOXB8, a member of the homeobox family cluster involved in various crucial development programs in animals, 24 including the endocrine pancreas. 25 In our patients, 75% of tumors expressed miR-196a-2 at a level above the mean for the group. Although this miRNA did not help differentiate pancreatic cancers from normal pancreas or chronic pancreatitis, its potential as a predictor for survival warrants further investigation.
Finally, we demonstrated that our samples are representative of typical ductal adenocarcinomas by assaying for the 4 most common genetic abnormalities seen in pancreatic cancer: TP53, CDKN2, SMAD4, and KRAS. Alterations in these genes of interest seen in the tumors in our study were similar to those described in the literature. [26] [27] [28] Similar to earlier reports, these tumor suppressor genes and oncogenes did not correlate with survival in our patients, nor did they correlate with miRNA expression.
The present report contributes to the growing understanding of the role of miRNAs in oncogenesis and describes the global expression patterns of miRNAs in pancreatic adenocarcinoma. As we and other laboratories continue to identify the expression patterns of various solid tumors, the application of this knowledge may be broad. Such patterns may be able to be used to direct therapy in patients with metastatic tumors of unknown primary neoplasms or to help discriminate between benign and malignant neoplasms that
